ABSTRACT. We report AMS 14C measurements on subannual samples of coral from the Galapagos Islands that span the period, [1970][1971][1972][1973]. Both the major 1972 El Nino/Southern Oscillation event and intra-annual changes in regional upwelling of 14C-depleted waters associated with alternation of surface-ocean current patterns are evident in the record. Our data show that the corals preserve a detailed record of past intra-annual variations of the 14C content of surface ocean water.
INTRODUCTION
Radiocarbon concentrations in aragonite skeletons of hermatypic (reef-building) corals record the 14C concentrations of dissolved inorganic carbon (DIC) in local sea water at the time of skeletal accretion. Annual density bands in corals from the Galapagos Islands (and many other locations) enable the independent determination of the growth year of particular bands. Thus, we can reconstruct the past variations of 14C concentration in local sea water by measuring 14C concentrations in annual bands of coral skeletons. In previous studies, several researchers (Druffel & Linick 1978; Druffel 1981 Druffel ,1987 Druffel ,1989 Druffel & Suess 1983; Nozaki et al. 1978) have used "C measurements on annual bands in corals from tropical and temperate locations to investigate the incorporation of 14C-depleted "Suess-effect" carbon and bomb-produced 14C into the surface layers of the Atlantic and Pacific Oceans, and variations of surface ocean currents and mixing processes. Druffel (1981) measured the 14C content of Galapagos corals using gas proportional 3-counting systems and, for the most part, measured complete annual band couplets. The results showed the incorporation of bomb-produced 14C into surface ocean waters from 1961 to 1977, and possible effects of incorporation of 14C-depleted "Suess-effect" carbon into surface ocean waters between 1929 and 1954. Druffel also suggested that annual average 014C values from coral samples from the years of El Nino/Southern Oscillation events (ENSO) were significantly higher than the values obtained for adjacent non-ENSO years due to diminished upwelling of 14C-depleted waters during these events. We present below a brief, simplified description of the surface ocean currents in the Galapagos Islands region and the possible influences of these currents on the 14C content of Galapagos waters.
GALAPAGOS ISLANDS
The Galapagos Islands lie on the equator off the coast of Peru at 90°W longitude. The influence of the major surface ocean currents on the waters of the Galapagos Islands has been described by Glynn and Wellington (1983) and by Enfield (1989) in an extensive review of ENSO phenomena. Briefly, during non-ENSO years, two surface currents alternate as the major source of surface ocean waters in the Galapagos Islands region. From about April to December, the Peru Current is the dominant source of the waters that flow through the Galapagos region as the South Equatorial Current (Fig. 1 ). The waters of the Peru Current are relatively cool (18°-22°C) due to the upwelling and mixing of subsurface waters during the northward, offshore movement of the current along the coast of Chile and Peru. From January to about March, southeast tradewinds weaken, and relatively warm (25°-28°C) tropical surface waters of the Panama Current flow from the north and become a major source of the waters in the Galapagos Islands region. This annual intrusion of warm northern waters is evident in the sea-surface-temperature (SST) record that has been obtained at Academy Bay in the Galapagos Islands (Fig. 2) . Because the upwelled waters in the Peru Current are depleted in 14C relative to the surface waters of the Panama Current, the intra-annual variation between these two sources should be evident in variations of the 14C content of the corals.
In addition to the other oceanographic and atmospheric effects associated with ENSO events, the alternation between these two sources of surface waters is disturbed during ENSO years. Surface waters that have been influenced by strong upwelling of relatively cool subsurface waters do not return in the April-to-December period following the onset of an event. SST in the Galapagos Islands stays anomalously high during this period, and the diminished influence of 14C-depleted upwelled waters should result in the suppression of the annual return to lower 14C content for coral growth during this April-to-December period. We extracted the carbon in each of the coral samples as CO2 by carbonate dissolution in 100% phosphoric acid at ca. 75°C. Typically, the coral samples weighed 8-25 mg and produced 1-3 mg of carbon as CO2 (chemical yields for this preparation step were >95%). The CO2 was then converted to graphite by iron-catalyzed hydrogen reduction (Vogel et al. 1984) and prepared for 14C measurement as described previously (Balsley et al. 1987; Brown et al. 1990 ). Typical ion-source targets prepared for measurement by our Ta encapsulation method contain 200-300 ,ug of carbon; hence, we were able to prepare several ion-source targets from each coral sample.
We measured the 14C content of the coral samples using the AMS 14C system that we developed at the University of Washington Nuclear Physics Laboratory (Grootes et al. 1986; Brown et al. 1990; Schmidt et al. 1990 ). We discuss below the current precision and accuracy of our 14C AMS measurements.
PRECISION AND ACCURACY
We demonstrated previously (Brown et a1.1990 ) that the distribution of our measurements having a counting statistics precision of ca. 1% is consistent with a Gaussian distribution with a 1 o variance of 1% (i.e., for measurements with 1% counting statistics, uncertainties in counting statistics are the only significant source of scatter in our data). In this analysis, we also showed, through the measurement of approximately contemporary standards, that our measurement system can attain an accuracy of at least 4%o (i.e., any systematic bias introduced into our data by our measurement system is <4%o).
As part of our continuing evaluations of the precision and accuracy of our measurement system, we have measured an approximately one-half-life-old secondary standard previously measured by high-precision Figure 3 shows the 14C/13C data we obtained on this sample from June to November, 1990 . These data are normalized with respect to our Chinese Sucrose 14C laboratory standard. The 1 o scatter of the measurements is essentially equal to the typically 1.7% counting statistics uncertainties of the individual measurements. From the weighted mean of our normalized 14C/13C data, we calculated a 14C age for the sample of 6150 ± 30 BP (this calculation includes an estimated uncertainty of ± 1%o in the S13C of the AMS sample due to fractionation during graphitization); this agrees, at the 1 o level, with the high-precision f3-counting age for the sample of 6120 ± 35 BP (QL-11658) (based on the uncertainties of these dates, the 1 o uncertainty in the expected difference between the dates is ± 46 yr; the difference between the dates is only 30 yr).
These results confirm that, for measurements with counting statistics precisions of 1-2%, counting statistics uncertainties are the only significant source of scatter in our measurements, and that our measurement system introduces no systematic bias into our data >4%0.
RESULTS AND DISCUSSION Figure 2 shows the preliminary &4C results of our measurements of the "three-month" coral samples for the years [1970] [1971] [1972] [1973] (the data are also given in April-June -1 ± 4
July-September +29 ± 7 October-December
April-June
July-September +30 ± 6 October-December October-December +51 ± 6 pies of 1973). We calculated these preliminary age-corrected e14C values following the conventions of Stuiver and Polach (1977) , and using S13C values estimated for the samples from previously published 813C data (McConnaughey 1986) . Analysis of the scatter of individual measurements of each sample about the mean for that sample confirms that the 1 Q error bars (derived from counting statistics uncertainties and typically ca. ± 6%0) accurately represent the variance in our data. These data clearly show significant variations in the 14C content of the coral on time scales shorter than one year.
Figure 2 also shows the SST record obtained at Academy Bay over the same period. Notwithstanding the uncertainty in the actual time period that each of the "three-month" coral samples represents, the similarity between our &4C results and the SST variations is striking. The correlation coefficient, r, for these two data sets as shown is 0.39 (n, the number of data points, =16, and P, the probability that this correlation coefficient value could be obtained from two uncorrelated data sets, = 0.2). 
CONCLUSIONS
At this initial stage of our study of the intra-annual variability of the 14C content of Galapagos Islands corals, we emphasize two points. First, it is evident from the preliminary "three-month" average values that intra-annual variations exist that are significant both statistically and oceanographically. These intra-annual variations reflect subannual changes in the sources of the surface waters that flow through the Galapagos region. Second, the 1972 ENSO event is reflected in the 14C content of the surface waters in the Galapagos Islands, and the ENSO signal preserved in the coral is consistent with expected changes in the surface waters due to variations in surface-ocean currents during such events.
Clearly, the magnitude of the subannual variations (35-50%o during the period that we studied) is such that one must use caution in attempting to identify the origin of upwelled waters in the Galapagos region using average annual 14C content data. We believe that further subannual measurements on Galapagos and other corals will help us understand the current structure of the tropical Pacific, and help to constrain ocean-circulation models of the region. The ENSO signal in our 0140 data suggests that more detailed measurements of the coral record of the 1972 and other ENSO events will provide information on the variations of the surface-ocean currents in the Galapagos region during similar events throughout the available coral record.
